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Introduction 
The proposed EC Water Framework Directive (WFD), with its emphasis 
on defining and monitoring for a measure of overall ecological quality, will 
require member states to monitor both biotic and abiotic components of 
lake environments, to determine their status against notional "good 
ecological condition". This will create a fundamental shift in the 
monitoring requirement from that contained in the current series of 
directives, which currently only require demonstration that designated 
waters are of adequate quality when monitored for a limited number of 
chemical determinands. With adoption of the WFD some measurement of 
the fish populations will also be required. The measures required are likely 
to include abundance, species diversity and population age structures for 
individual species. 
This paper describes work carried out since 1971, and particularly since 
1991, on the status of fish populations in Lower Lough Erne, Northern 
Ireland, with an emphasis on defining change over time due to human 
impacts on the lake. This offers a reasonable starting point from which to 
develop a monitoring programme suitable for the needs of the WFD in this 
lake and perhaps also in other systems. The implications for as yet 
unmonitored fish populations in lakes are also examined. 
Lower Lough Erne and its fish species 
Lower Lough Erne is a large lake with a surface area of 110 km2, mainly 
less than 20 m in depth (Fig. 1). It is situated in northwest Ireland on the 
borders of County Fennanagh and Donegal. In classical limnological terms 
the lake is eutrophic in its shallow and marginal areas and mesotrophic to 
eutrophic in character in its deeper, western, open basin. As is the case 
throughout the island of Ireland, the fish species assemblage of the lake 
FIG. 1. Lower Lough Erne. 
and its catchment is of low species diversity compared with Great Britain 
and Europe. The fish species present in the catchment are: pollan 
Coregonus autumnalis pollan, Atlantic salmon Salmo salar, brown trout 
Salmo trutta, roach Rutilus rutilis, bream Abramis bratna, perch Perca 
fluviatilis, pike Esox lucius, eel Anguilla anguilla, three-spined stickleback 
Gasterosteus aculeatus, gugdeon Gobio gobio, minnow Phoxinus 
phoxinus, brook lamprey Lampetra planeri, stone loach Barbatula 
(Noemacheilus) barbatula, and possibly tench Tinea tinea. Two species, 
Arctic charr Salvelius alpinus and rudd Scardinius erythrophthalmus, have 
become extinct from Lower Lough Erne, the former sometime in the late 
1800s or early 1900s and the latter following introduction of roach in the 
late 1950s. Rudd persist in some small lakes in the upstream catchment. 
While all species present in the catchment may from time to time be found 
in Lower Lough Erne, roach, perch, bream, pike, eel and trout form the 
majority of the fish biomass of the lake. With the exception of the 
salmonids, eel and lamprey, many of the fish species are present as a result 
of human introduction sometime since the end of the last glaciation. Most 
introductions (pike, perch, bream, rudd) probably occurred in mediaeval 
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times (Went 1949, 1950, 1973), with roach becoming established some 
time after 1960 (Cragg-Hine 1973; Mercer 1968). Tench are now present 
upstream in Upper Lough Erne but are not yet common in Lower Lough 
Erne (personal observations by the author). 
Background to the current monitoring programme 
The fishery and navigation interests in Lower Lough Erne are largely state-
owned or state-managed. Important recreational tourist and commercial 
fisheries rely on the mixed fish resource. Recreational fishing concentrates 
particularly on brown trout, roach, perch, bream and pike, with eels being 
fished almost exclusively on a commercial basis. Within the recreational 
sector, there is almost complete separation between "coarse" and "game" 
anglers. Competition coarse fishing is an important draw for (largely 
English) tourists. Pike and perch are the favoured quarry of many visitors 
from the European continent, particularly from Germany, Austria and 
Switzerland. Many of the continental visitors also use and support the local 
cruiser and day boat hire businesses. Local game anglers concentrate on 
angling for brown trout, which can grow to particularly large sizes. 
In the late 1980s and early 1990s, public concern began to develop over 
the state of several fish stocks. The local council, tourism authorities, and 
fishery management staff, began to receive many complaints of poor 
recreational fishing, and some major annual competitions had poor catches. 
The public authorities concerned realised that apart from reports from 
anglers, there was little or no reliable long-term data on which to base 
fishery management policy and tourism marketing strategy. The obvious 
possibility that poor recreational fishing might simply reflect poor weather 
conditions, such as high water levels, relatively cold conditions for a 
competition, or other temporary factors, could not be substantiated with 
any long-term data independent of angling catch records. 
Reorganisation and expansion of aquatic sciences research within the 
Department of Agriculture Science Service created an opportunity to 
develop a new programme of fisheries studies, and this led to the current 
series of surveys being developed to meet the need for long-term data in 
the early 1990s. 
Current and past survey methods and data 
The earliest formal studies of Lough Erne by Department of Agriculture 
Fisheries research staff began in the early 1970s (Cragg-Hine 1973), when 
the key areas of interest were the population explosion of introduced roach 
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and the status of the pike and trout stocks. Surviving raw data from these 
early surveys consists mainly of catches in 100-m stretched mesh (= 50 
mm bar or knot-to-knot) gill-nets set for pike and trout, with some limited 
data from netting roach. While this satisfied the needs of the time, a fixed 
100-mm stretched mesh only catches the very largest and oldest of the 
roach and perch, species which form the bulk of the lake's fish biomass. 
Hence, when the current research and monitoring effort began in 1991, 
repeats of the 1970s 100-mm netting exercise were supplemented by the 
use of "survey" gill-nets comprised of multiple panels increasing in size 
from 20 mm in six even steps to 100-mm stretched mesh. This effectively 
started a new time-series representative of the entire population of most 
fish with the exception of eels. Estimates of catch-per-unit-effort (CPUE) 
and relative biomass, based on survey-net data, are available for three 
periods: 1991-92, 1996 and (numbers only) for 2000. The time-series data 
of CPUE for the survey-net and 100-mm stretched mesh nets are presented 
in Figs 2 and 3. Relative biomasses for 1991 and 1996 are presented in Fig. 4. 
FIG. 2. Abundance of fish in survey gill-nets in three years during the period 1991 to 
2000. 
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FIG. 3. Fish abundance in 50-mm bar (100-mm stretched mesh) gill-nets in four 
surveys during the period 1972 to 2000. 
FIG. 4. Relative biomass occupied by major species in 1991 and 1996. 
70 ROBERT ROSELL 
FIG. 5. Frequency distribution of body length of roach in 1971, 1991 and 1996, 
obtained from survey-net data. 
General trends in the data 
Roach are known to have been introduced in the 1960s (Mercer 1968) and 
the population exploded in the mid 1960s. This species consistently forms 
60% or more of the biomass of all fish in survey-net catches (Fig. 4). It is 
interesting to note that while the biomass is almost always high relative to 
the biomass of other fish, the population age structure varies significantly 
over a 5- to 10-year time-scale depending on the presence of strong and 
weak year-classes (Fig. 5). 
Once a particular year-class "recruits" into the population that is fishable 
by the smallest mesh of survey-net used (20-mm stretched mesh), it can be 
tracked through the following years; length-frequency histograms show a 
pattern moving forward one year at a time (Fig. 6). Similar variation in 
year-class strength is also noted in the bream and roach-bream hybrids, 
and for the early 1990s it appears that the ages of strong year-classes of 
roach and bream coincided (Rosell 1994). This has not been obvious in 
more recent data. Currently, roach-bream hybrids far outnumber bream in 
sample net catches (Figs 2 and 3), following a noted decline in the number 
of bream in 1996 (Fig. 2). 
Perch are perhaps the only species in Lower Lough Erne that have held a 
relatively stable population structure over the past 10 years (see a typical 
example of length-frequency structure in Fig. 7). But even for this species 
there is evidence from the most recent survey that their year-class (length) 
distributions may also vary between surveys. The current perch population 
is composed of very high numbers of fish 10 to 18 cm in length, with 
FIG. 6. Progression of stable body length structure in roach populations during three 
successive years (1991 to 1993). 
relatively few larger fish, and for the first time since surveys began, perch 
have outnumbered roach in survey-net catches in 2000 (Fig. 2). Whether or 
not this is reflected in a shift in relative biomass is not yet known. Data 
will not be available on year 2000 weight and biomass distributions until 
2001 at the earliest. 
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FIG. 7. A typical length-frequency distribution in perch from a population with stable 
recruitment. 
The endangered pollan 
Lower Lough Erne also contains a relict stock of pollan which are 
threatened with extinction, having declined to very low numbers over the 
past four decades, coinciding with the proliferation (and now dominance) 
of roach (Rosell 1997). The pollan is a glacial relict, conspecific with the 
Arctic cisco of Northern North America and the omul of Lake Baikal in 
Siberia and northern Russia, and is a different species from the Coregonus 
albula and C. lavaretus found in Mainland UK (Ferguson et al. 1978; 
Maitland & Lyle 1991). The fish is now largely confined to the deep open 
basin of the lake and is so scarce that routine gill-net surveys do not 
capture a significant number of specimens. Currently, surveys carried out 
acoustically and with targeted gill-nets every two years continue to locate a 
few pollan, and the population appears to have reproduced successfully for 
each of the past five years (Fig. 8). Around 40 individual fish have been 
captured in biennial targeted surveys from 1992 to 1999. 
The zebra mussel invasion since 1996 
The most recent invading organism in Lower Lough Erne is the zebra 
mussel Dreissena polymorpha, first found in Ireland in the River Shannon 
system (McCarthy & Fitzgerald 1997) and which spread to the River Erne 
system, probably through the navigation link, in 1996 (Rosell et al. 1998). 
This filter-feeding bivalve, native to the Caspian Sea basin, is capable of 
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FIG. 8. Year-classes of pollan captured from 1992 to 1999. 
causing dramatic ecological change when introduced into new waters. The 
population in Lower Lough Erne now reaches 10,000 to 100,000 animals 
per m on suitable areas of hard substratum. A population of this size is 
potentially capable of filtering the entire lake volume within a few days! In 
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2000, water clarity increased dramatically and the summer Secchi disc 
readings were at their highest since records began in 1973. This is 
consistent with significant removal of suspended material from the water 
column to the benthic environment, as commonly observed elsewhere 
when zebra mussels have become established. The long-term impact of this 
shift in energy flow from the planktonic communities to the benthos is not 
known, but major changes in the fish populations are probable. The future 
continuance of the pollan population will depend on how this fish is 
affected by shifts in the food and possible blanketing of some of its 
spawning ground by zebra mussels. 
A changing fishery environment: 
conclusions arising from recent studies of Lower Lough Erne 
Lower Lough Erne is clearly dramatically different now from its original 
post-glacial state when only salmon, trout, charr, pollan, eel and possibly a 
few other species colonised the newly ice-free lake from the surrounding 
sea. Major changes have been brought about by the addition of fish species 
including pike, perch and various cyprinids, and subsequently by 
navigation, land drainage, a hydroelectric scheme and continuing 
eutrophication. From work on Lower Lough Erne (Rosell et al. 1998) and 
other classical fishery studies (e.g. Colby et al. 1972; Leach et al, 1977; 
Numann 1972), there is clear evidenc of a general process whereby fish 
populations in temperate lakes that are changing from oligotrophic through 
mesotrophic to eutrophic status, alter from a salmonid- through percid- to a 
cyprinid-dominated fish community. In keeping with this, it is thought that 
Arctic charr disappeared from Lower Lough Erne sometime between 1850 
and 1930 for unknown reasons, likely to include eutrophication. Rudd 
disappeared between 1970 and 1990, following the introduction of roach, 
(Cragg-Hine 1973) which is now the dominant fish species. The recent 
addition of the zebra mussel to the fauna (Rosell et al. 1998) threatens yet 
further sweeping change. 
Monitoring lake fish populations for WFD purposes: 
lessons from studies of Lower Lough Erne and possible 
reference points for "good ecological status" in the lake 
Fish populations in the lake have been monitored since 1991 under a 
research programme aimed at defining the impacts of ecological change 
and to satisfy the needs of fishery management. At the inception of this 
research programme, the WFD was not there to play a part in directing the 
monitoring programme. However, the basic parameters required to gain a 
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true picture of the fish population status in the lake are precisely those 
parameters that are suggested as likely to be required under the directive: 
i.e. species diversity, the relative biomass of the different species, and the 
age structure in populations of each of the individual species. 
Throughout history, fish populations in Ireland have been affected by 
man-made introductions (Went 1950, 1973) and changes in water quality 
(Rosell & Gibson 2001). It could be said that introductions have been the 
more important of these factors because, in Ireland, the native fauna is 
depauperate and successive introductions from mediaeval times to the 
addition of roach in the 20th century must have had significant effects on 
the resident biota. This may not be the case in other freshwater systems or 
on mainland Europe, where fish may have been able to disperse much 
more freely and where large-scale distribution patterns may be much more 
reflective of natural factors such as climate or variation in underlying 
geology (e.g. Holmgren & Appelberg 2000; Rask et al. 2000). Artificial 
management measures are also important. Some lakes are continually 
managed to remove coarse fish and introduce salmonids for angling, 
distorting the "natural" state of these lakes still further. It will be necessary, 
in defining good ecological status objectives for fish populations, to 
determine whether lakes with such management practices should be 
ignored or whether the management practice itself is treated as affecting 
ecological quality in the same way as any other human impact. 
This history of continual population change directly affects the choice of 
a reference point for "good ecological quality", as required for a 
monitoring programme under the WFD. Clearly, returning Lower Lough 
Erne to its immediate post-glacial state, containing only salmonids and 
eels, is impossible. It will be much more practicable to set objectives for an 
assemblage offish populations that reflects the current mix of species, their 
relative abundances and current patterns of exploitation. Given the species 
that are now present in the lake, one possible definition of good ecological 
quality could be defined as "conditions maintaining the current species mix 
and allowing all of the current recreational and commercial uses of those 
species". Alternatively, a more ambitious target would be to seek a modest 
reduction in trophic status to a generally mesotrophic state. This might 
create a shift towards a perch-dominated fish community rather than one 
dominated by roach, and might also strengthen the stock of endangered 
pollan. Monitoring for pollan is clearly important as it may be close to 
extinction and can be seen as a key link with the post-glacial, original 
status of Lower Lough Erne. A yet more ambitious fish-population-based 
objective would be to create conditions permitting the reintroduction of 
Arctic charr, extinct in the lake for perhaps 100 years or more. The 
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reference point that is set will obviously be arbitrary, dependent on the 
desired state of the lake and what is practically achievable. The link 
between notional "water quality" and measurable fish population 
parameters is ill defined, and is likely to remain so. 
Whatever objective reference point is set, merely monitoring for good 
ecological quality (as demonstrated by the presence of a healthy fish 
population) is clearly pointless without an effective management system 
for the catchment, capable of yielding improvement where monitoring 
demonstrates that this is required. 
General principles governing fish monitoring 
Effect of life-span 
Individual fish life-spans vary considerably between species, ranging from 
a few years to tens of years. On a European scale, there are differences in 
the life-spans of individual species from the north to the south of their 
ranges; individuals in northern populations live considerably longer. 
Generally, populations of long-lived species (e.g. carp and bream), where 
individuals contribute to a spawning stock over many years, are clearly less 
likely to be seriously affected by short-term variation in the environment, 
and might be effectively monitored at irregular intervals, perhaps every 
five years. Short-lived species, e.g. whitefishes such as pollan and vendace, 
and some of the smaller cyprinids, could undergo significant but unnoticed 
population change if observed as infrequently as this. For most freshwater 
lake species, in Ireland at least, an interval between surveys of three years 
should suffice to detect population change before critical damage could 
occur to the spawning stock. 
Variable recruitment and long-term population stability 
Many freshwater fish, including all the groups found in Lower Lough 
Erne, experience variable recruitment on an inter-annual basis, including 
riverine or lake cyprinids ( e.g. Ladle 1991; Mann 1991; Mills & Mann 
1985; Mooij 1996), perch and pike (Craig & Kipling 1983), coregonids 
(Wilson 1983; Helminen & Sarvala 1994) and salmonids (Elliott 1987). 
The cyprinids of Lower Lough Erne described above are prone to the 
generation of strong and weak year-classes. However, these-year classes 
were also found to be stable and trackable year on year after an age of 
about 2+. Short-term variations occur on top of long-term-change 
processes such as eutrophication, and the lesson for monitoring exercises is 
clear - a decision must be made on whether monitoring activity is designed 
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to detect possible long-term changes such as shifts in relative biomass 
partitioning between species, or to detect short-term variation in 
recruitment and survival over the first one or two years of life. In any case, 
it may be necessary to understand the extent of short-term variation in fish 
numbers in order to understand and observe long-term change. In Lower 
Lough Erne, so far it has not been possible to determine the fine detail of 
inter-annual recruitment processes in the lake's fish and this information 
gap may need to be filled at some point in the future. While the monitoring 
strategy adopted above is adequate for current fishery managers of the 
lake, there may be locations, particular species or human impacts on lake 
environments, where short-term variability in recruitment is much more 
important and where it will be appropriate to monitor on a much more 
regular basis. 
Migratory fish species 
Migratory fish found in lakes fall into three general categories: 
anadromous (spawning in fresh water and with a growth phase in the sea), 
catadromous (marine spawners with a freshwater growth phase), and 
potamodromous (river spawning with a lake growth-phase). All of these 
use a wider ecological resource than just a lake, and should be monitored 
with this in mind. Lor example, a potamodromous trout population requires 
good water quality and clean gravel and stone substrata in feeder streams 
in order to maintain a lake population. Where such fish populations are 
found, it would be advisable, in addition to monitoring the lake phase as 
part of the overall fish assemblage, also to monitor the juvenile phase of 1 
to 3 year-old fish in the spawning and juvenile-holding areas of affluent (or 
in rare cases effluent) streams. Recruitment of the juvenile phases of such 
fish is very likely to be subject to considerable year-on-year variation 
(Elliott 1987), which will in turn affect fish numbers emigrating from 
feeder streams to lakes. Anadromous salmonids and catadromous eels 
present even greater problems, and monitoring of lake phases alone may 
not be sufficient to determine the overall health of such populations. In 
these cases would be necessary to add regular counting of immigrating and 
emigrating fish to ensure that any noted decline in the population can be 
ascribed to the correct phase of the life cycle. 
Methods of monitoring fish 
In order to sample mixed fish populations in lakes it may well be necessary 
to use a variety of methods within a particular survey. The survey gill-
netting methods used in the Lough Erne studies, described above, works 
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well for the majority of fish that are present in the lake. Similar methods 
are used in Scandinavia (Holmgren & Appelberg 2000) and elsewhere in 
Ireland (O'Grady 1981) for lake fish. Using gill-nets alone, however, some 
species may not be caught: gill-nets almost completely fail to catch eels, 
and for these some other method is necessary, e.g. fyke-netting or 
electrofishing. Some of the smaller fish species, such as stickleback or 
minnow, may be completely missed by the finest mesh of a survey gill-net. 
A full determination of all fish species could be attained by incorporating a 
standard series of gill-netting, fyke- or trap-netting, and electrofishing at 
lake margins. In the case of the Lower Lough Erne long-term time-series, 
the addition of the latter two methods would greatly increase the required 
effort and staffing level. 
Lethal versus non-lethal sampling methods 
In a lake the size of Lower Lough Erne, sample gill-netting on the scale 
described above will make no difference to the total population of fish 
present. In smaller lakes, however, this may not be the case. This problem 
for sampling small lakes is further exaggerated by the recent finding that 
large lakes with multiple types of habitat are likely to contain 
disproportionately high fish populations when compared with small lakes, 
where populations may well be limited both in terms of species diversity 
and total biomass per unit area (Holmgren & Appelberg 2000). In these, 
care is obviously needed not to deplete the fish population by the action of 
sampling, and non-lethal methods (trapping and electrofishing) may be 
more appropriate than lethal gill-netting. 
Implications of monitoring fish for manpower and other resources 
The choice of lethal versus non-lethal sampling raises a further implication 
for available manpower resources. For example, boat-based electric 
fishing, a useful non-lethal method, is labour intensive and requires a 
larger survey team than a netting operation. As a general rule, monitoring 
fish populations is much more labour intensive than monitoring other biota 
or chemical determinands. Fish are larger and more mobile than 
invertebrates, and hence harder to catch. If they are to be kept alive during 
sampling and while being measured and examined, animal welfare 
legislation must be taken into account. All these and other factors imply 
that if EC member states are to implement the WFD for fish as for other 
biota, almost all will have to increase the resources currently allocated to 
inland fisheries departments. Even given additional resources, it will be 
practically impossible to monitor all waters containing fish. It is likely that 
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the only practicable way forward will be to establish "index" waters or 
subunits of waterways within wider environmental units or catchments, or 
index catchments within similar groups of catchments, in which to assess 
long-term stability or change in fish populations. In the short-term, 
intensive survey work may well be required in order to guide authorities 
into defining relevant fish population management and monitoring units. 
The fish monitoring exercise discussed here for Lower Lough Erne has 
been designed as a minimum requirement to document change for fishery 
management purposes, in a lake which is large on a British Isles scale but 
which could be considered of only moderate size in some parts of Europe. 
Monitoring of this one lake occupies approximately 3 to 4 man-years split 
between six individual staff every third or fourth year, in addition to the 
physical requirements for vehicles, boats and sampling equipment. The 
staffing needs to include trained boathandlers and fishery scientists. Within 
Northern Ireland there is another, larger lake, Lough Neagh, whose fish 
populations are not routinely monitored by any government agency, in 
addition to over a thousand smaller lakes and ponds which have fish 
populations. The requirements for monitoring these are clear - if fish are to 
be regarded as a key monitoring group in even a small subsample of these 
waterbodies on a regular basis, considerable new resources will be needed. 
It is unlikely that countries rich in lakes could support monitoring exercises 
in all but a small sample of lakes. 
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